Aims: The aim of the study was to evaluate the prognostic utility of right heart catheterisation (RHC)-derived measures among patients undergoing transcatheter aortic valve implantation (TAVI). and December 2012 and undergoing preoperative RHC were analysed. The relationship between haemodynamic parameters and survival was evaluated with Cox proportional hazards models. At two-year follow-up, 118 patients had died (25.1%). At multivariable analysis, diabetes (hazard ratio [HR] 1.95, 95% confidence interval [CI]: 1.28-2.96, p=0.001), transapical access (HR 1.66, 95% CI: 1.07-2.56, p=0.02), and moderate or severe mitral regurgitation (HR 1.55, 95% CI: 1.00-2.39, p=0.04) were independent predictors of two-year mortality, whereas no correlation between RHC-derived measures and mortality was found. Furthermore, the addition of haemodynamic variables did not significantly improve the prognostic power of a model incorporating clinical and echocardiographic data p=0.47).
Introduction
Haemodynamic parameters measured at right heart catheterisation (RHC), such as mean right atrial pressure and pulmonary arterial compliance, have proved to be reliable predictors of outcomes in several clinical settings including pulmonary arterial hypertension and chronic heart failure 1, 2 . Severe aortic valve stenosis (AS) produces significant changes in the interdependent left and right ventricular haemodynamics 3 . Indeed, sustained pressure overload induces the development of myocardial hypertrophy which progressively impairs the diastolic properties of the left ventricle; its heightened filling pressures are then passively transmitted backwards, eliciting a reactive component within the pulmonary vasculature 4 . Multiple lines of evidence support the negative impact of baseline pulmonary hypertension on clinical outcomes after transcatheter aortic valve implantation (TAVI) [5] [6] [7] .
However, so far, a systematic appraisal of the predictive value of other RHC-derived parameters in this context is lacking. Our aim was to identify, among haemodynamic indices obtained at RHC, the determinants of mortality at two years after TAVI and to assess whether preoperative RHC could improve the risk stratification of patients undergoing TAVI.
Methods STUDY POPULATION AND ENDPOINT
We analysed data of patients undergoing RHC prior to TAVI who were consecutively included in the Bern TAVI Registry between August 2007 and December 2012. TAVI was performed on the basis of a multidisciplinary consensus and as previously described 8 . Active follow-up was planned at 30 days, one and two years by in-hospital visits or phone interview. All potential adverse events were adjudicated by a dedicated clinical events committee according to the standardised endpoint definitions proposed by the Valve Academic Research Consortium. The study adheres to the ethical principles of the Declaration of Helsinki. The Registry was approved by the local ethics committee, and written informed consent was mandatory for patients to participate. The primary study endpoint was all-cause mortality at two years.
RIGHT HEART CATHETERISATION
RHC was performed at the time of preprocedural coronary angiography, as part of a standardised institutional protocol for the comprehensive assessment of the severity of the AS and the global patient haemodynamic profile. Briefly, fluid-filled catheters connected to pressure transducers were used to record pressures. After review of haemodynamic traces, the following parameters were collected: mean right atrial pressures (mean RAP), systolic and end-diastolic pressures of the right and left ventricle and systolic, diastolic and mean pulmonary artery pressures (PAP). Cardiac output was computed with the modified Fick method and indexed to body surface area to obtain the cardiac index.
STATISTICAL ANALYSIS
Normally distributed variables were expressed as mean±standard deviation (SD), categorical variables as number and percentages. Multiple imputation of missing values using chained equations was used throughout to account for, and impute, missing data in predictor variables (20 data sets created), and Rubin's rule was used to combine the results of the data sets in all predictor analyses. Cox proportional hazards models using univariate analysis were used to test the association between predictor variables and mortality at two years after TAVI. Considering the large number of continuous predictor variables, each was additionally evaluated for potential non-linear effects (e.g., curvilinear or quadratic effects), but none was found. Estimates of hazard ratios (HR) and 95% confidence intervals (CI) are provided. To investigate the prognostic contribution of RHC-derived parameters to clinical and echocardiographic findings at baseline, a stepwise procedure was used. Harrell's C-index and the area under the curve (AUC) for clinical predictor variables (age, body mass index, diabetes, previous cerebrovascular accident, chronic obstructive pulmonary disease, transapical access and STS score) were first determined (clinical model). Subsequently, we added the echocardiographic predictor variables (moderate or severe mitral regurgitation, left ventricular ejection fraction and mean aortic valve gradient) to the clinical model (clinical with echo model). Variable selection of these two models was based on previously published literature tagging these variables as relevant for mortality or risk assessment of TAVI patients, and therefore they were used irrespective of the effect on mortality in our patient population. Finally, the RHC-derived predictor variables were added singly, of which pulmonary arterial compliance and mean RAP were retained. 
LACK OF INCREMENTAL UTILITY OF RHC TO PREDICT MORTALITY AFTER TAVI
Sequential models for the prediction of death were created to assess the incremental contribution of preoperative RHC relative to clinical and echocardiographic parameters. As shown in Figure 1 , the Harrell's C-statistic was 0.662 (95% CI: 0.612-0.713) in a model including clinical and echocardiographic parameters and 0.667 (95% CI: 0.615-0.719) with implementation of RHC-derived metrics (p=0.47). (Figure 2) .
Discussion
In the present study, RHC-derived measures failed to predict mortality among patients undergoing TAVI; furthermore, the addition of haemodynamic parameters did not significantly improve the prognostic power of a model containing clinical and echocardiographic variables. Intracardiac haemodynamics featuring patients e 2191
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Right heart catheterisation and TAVI with severe AS have been previously assessed 9 . The haemodynamic parameter with the highest prognostic value in the setting of severe AS is undoubtedly pulmonary hypertension. It operates the continuum between left ventricular dysfunction and right heart failure in the context of pressure overload: indeed, the backward transmission of the elevated pressures in the hypertrophic left ventricle promotes the remodelling of pulmonary vasculature. The presence of pulmonary hypertension affects the prognosis of patients with severe AS irrespective of the treatment 7, 10, 11 . In this context, we sought to investigate whether other invasive haemodynamic parameters, among those mirroring the pathophysiology of the valvular disease, could be related to mortality after TAVI.
The prognostic significance of several RHC-derived measures has been assessed in other clinical settings. Specifically, elevated mean right atrial pressure and lower cardiac index independently predict mortality among patients with pulmonary arterial hypertension (group I) 1 . A reduced pulmonary arterial compliance proved a powerful marker of poor prognosis in decompensated heart failure 12 . Nevertheless, in our study, none of the haemodynamic parameters obtained at RHC prior to TAVI proved to have better capability to predict mortality than clinical factors. Among these, diabetes is quoted within the scores commonly used to estimate the operative risk of patients. Analyses of registry data showed that insulin-treated subjects and those with poorer glycaemic control (as indicated by higher values of glycated haemoglobin A1c) were at increased risk for mortality at long-term follow-up 13, 14 . Indeed, diabetic status is supposed to impair the left ventricular reverse remodelling and regression of hypertrophy triggered by the relief of valvular stenosis 15 . Similarly, the independent association between moderate or severe mitral regurgitation at baseline and the risk of death after TAVI has been widely documented [16] [17] [18] . In addition, the survival advantage of transfemoral compared with transapical TAVI is also in line with previous findings. A significant survival benefit in the subgroup of patients allocated to transfemoral TAVI compared with surgical intervention has been reported in a recent meta-analysis of randomised trials including patients at high risk and lower-than-high risk 19 . Patient-and procedure-related factors contribute to enhance the risk of worse outcomes among subjects undergoing transapical TAVI. The patients are typically older and have more cardiovascular risk factors. In addition, access-related myocardial damage can affect the recovery of left ventricular function and provide the substrate for arrhythmic events.
In our study, the superior prognostic value of clinical over haemodynamic factors was confirmed in the subgroup of patients with pulmonary hypertension at baseline.
Similarly, in a sub-analysis of the PARTNER-I trial, including patients with preoperative moderate or severe pulmonary hypertension, clinical factors such as oxygen-dependent lung disease, inability to perform a six-minute walk test, impaired renal function and lower aortic valve mean gradient proved more informative about survival at one year compared with RHC-derived measures 20 . Yet, while haemodynamic variables, such as the mean right atrial pressure, proved to have independent prognostic ability in patients with pulmonary arterial hypertension (group I), they failed to predict mortality in subjects with pulmonary hypertension secondary to left heart diseases (group II) 21 .
Overall, our results suggest that clinical factors affect long-term outcomes after TAVI to a greater extent than haemodynamic parameters. In this regard, clinical characteristics and comorbidities at baseline represent the variables with greatest prognostic weight in recently developed scores to predict early and late mortality after TAVI 22 . Previous investigations by our group focused on the effect of haemodynamic patterns of pulmonary hypertension or low-flow, low-gradient aortic stenosis on clinical outcomes after TAVI 7, 23 . Instead, the present analysis sought to determine whether preoperative RHC provides additional prognostic value on top of standard, non-invasive evaluation including clinical and echocardiographic parameters. Although several haemodynamic parameters were associated with two-year mortality at univariable analysis, there was a lack of incremental prognostic information provided by RHC when clinical and echocardiographic parameters were considered. The present study, therefore, provides a nuanced appreciation of the role of invasive haemodynamic measurements before TAVI and suggests that RHC could be a dispensable tool for prognostication in the preoperative diagnostic workup if comprehensive non-invasive information is already available.
Limitations
We acknowledge the following limitations of our analysis: 1) the retrospective design of the study conveys intrinsic biases such as the unrecognised presence of confounding factors with impact on mortality after TAVI; 2) referral bias can be present as patients received RHC prior to TAVI on the basis of their clinical history; in particular, haemodynamically unstable patients may have been referred to TAVI without previous RHC; 3) we did not assess whether changes in haemodynamic intracardiac profile occurred after TAVI and whether they had an impact on long-term mortality; 4) as the study cohort comprised elderly and high-risk patients, the results could not apply to younger and lower-risk subjects; 5) while complications resulting from preoperative left and right heart catheterisation were generally rare and limited to access-site complications, adverse events attributable to RHC were not systematically collected in the setting of our study.
Conclusions
The invasive assessment of haemodynamic parameters provides important information on the pathophysiology of aortic stenosis, patient prognosis, and functional status after valve replacement. Nevertheless, in an era witnessing a progressive streamlining of TAVI procedures, routine RHC may become a dispensable tool for prognosis assessment when comprehensive data from non-invasive diagnostics are available.
Impact on daily practice
This study suggests that clinical baseline characteristics have a greater prognostic impact than haemodynamic indices in patients evaluated for transcatheter aortic valve implantation (TAVI).
